The synchrotron x-ray fluorescence microprobe is a valuable instrument for quantification and mapping of mixed valence state samples with high spatial resolution and elemental sensitivity. A method has been developed for quantifying the proportions of Fe'+ and Fe3+ with 100 ,um spatial resolution and better than 100 ppm sensitivity using x-ray absorption near-edge structure (XANEZS). Applications of valence state mapping have been made to selenium in water-saturated sediments and manganese associated with wheat roots attacked by the take-all fungus. 0 I995 American Institute of Physics.
I. INTRODUCTION
Oxygen fugacity is an important parameter that influences phase equilibria and geochemical kinetics in the formation of earth materials. Elements coexisting in multiple oxidation states are often sensitive indicators of oxygen fugacity but no techniques existed previously that permitted oxidation state ratios to be measured with microprobe spatial resolution. We are exploring the feasibility of using micro-XANES (x-ray absorption near edge structure) for this purpose. The basis of this approach is the identification and quantification of valence-sensitive features in XANES spectra measured using the synchrotron x-ray fluorescence microprobe. A crucial step in the method is the ability to quantify the amount of different valence states in highly localized regions (e.g., individual mineral grains within a rock). The calibration of valence state in terms of oxygen fugacity will rely on simulation experiments run under controlled conditions of pressure, temperature, composition and oxygen fugacity.
The importance of the microprobe, in this work is in allowing the microdistribution, partitioning, and mobility of elements in specific valence states to be determined. Oxidation state maps can be produced with the x-ray microprobe by making multiple, two-dimensional x-ray fluorescence (elemental) maps of the specimen using monochromatic radiation where the monochromatic energy for each map is chosen to preferentially excite particular oxidation states of the element of interest.
Examples of problems which might benefit from micro-,XANES include the following.
(0 Redox states and mineralogical associations of toxic species in contaminated sediments and waste encapsulation materials.
(ii)
Oxygen fugacity determinations based on partitioning of elements in specific valence states between coexisting phases in earth and extraterrestrial materials. (iii)
Redox state of the Earth's interior based on valence determinations on microcrystals within diamonds from the mantle. (iv)
Redox chemistry of Mn at the root-soil interface and its role in agriculturally relevant plant diseases.
II. X-RAY MICROPROBE INSTRUMENTATION
The synchrotron x-ray fluorescence microprobe (XRM) at the National Synchrotron Light Source (NSLS beamline X26A) is being used for this work. The XRMrp2 uses synchrotron radiation (3-30 keV) from a bending magnet and can be operated using a pinhole collimator and/or an ellipsoidal focusing mirror3 with either white light (continuum) or using a channel cut monochromator to produce a monoenergetic x-ray beam (Fig. 1) . In the unfocused mode, the incident x-ray beam size is adjustable to 21 pm with motordriven or fixed tantalum apertures. The mirror produces a beam with dimensions of about 150X350 pm.
To minimize backgrounds from Compton scattering, the x-ray detector resides in the storage ring plane and at 90" to the incident beam ( (111) channel cut. Both white and monochromatic radiation can be focused with the 8:l ellipsoidal mirror. Beam defining apertures consist of a primary aperture, secondary aperture (adjustable four-jaw) and a fixed opening pinhole collimator. The sample sits on an x-y-z-0 stepping stage at 45" to the incident beam and is viewed in normal incidence by a TV-equipped microscope. The x-ray detector, either an energy dispersive device or a wavelength dispersive crystal spectrometer, is positioned at 90" to the incident beam and within the plane of the synchrotron.
scope, and x-ray detector, rests on a 1X0.6 m breadboard which in turn sits on a motor-driven lift table. The lift table allows the entire instrument to be positioned at the correct vertical height for the pinhole to intercept the most intense and most highly polarized portion of the synchrotron radiation profile. Four types of x-ray detectors are in use: (1) A conventional Si(Li) detector (resolution about 150 eV at MnKa) for energy dispersive work below about 30 keV, (2) an intrinsic Ge detector (resolution about 400 eV at 40 keV) for energy dispersive work above 30 keV, (3) a curved-crystal, wavelength dispersive spectrometer (WDS) with four analyzer crystals for high-energy resolution detection in the 3-17 keV range,4 and (4) a 13-element, intrinsic Ge, solidstate detector capable of total acquisition rates in excess of IO5 counts/s5 The typical setup has the WDS spectrometer looking up at the sample at a 20" inclination, with the Si(Li) detector mounted horizontally on top of the WDS. In this way, it is possible to use both detectors simultaneously.
Trace element concentrations are derived from XRF spectra which are typically collected at a point for several hundred seconds. Spot sizes are typically about 10 pm. Data analysis consists of fitting the background and peaks to extract net fluorescence peak intensities. Calibration can be done using an internal standard, typically a major element whose concentration is known by another technique or from stoichiometry,6 or a trace element standard can be used. Accuracies better than 210% are typically achieved with this technique. Elemental images can be made by measuring the fluorescence intensity as the specimen is scanned through the beam.7 X-ray absorption spectroscopy data are obtained in fluorescence mode. The incident beam is monochromatized with a channel-cut Si(ll1) crystal whose energy resolution is about 1.5 eV. Harmonic rejection and beam demagnification is achieved by using the ellipsoidal 8:l platinum-coated mir- ror. The monochromatic beam size on the sample is typically about 100 pm. Fluorescence x rays from the sample are recorded with the Si(Li) as the incident monochromatic energy is scanned in about 0.2 eV steps. The minimum detection limit is typically less than 100 ppm. Samples are normally in the form of conventional thin polished sections, fine powders dispersed between two, 7-,um-thick, Kapton foils, or individual microparticles mounted on a single Kapton foil.
Below we briefly describe two of the initial applications of this approach. The first is the development of a method for using the pre-edge peak energy in Fe K XANES spectra to quantify valence state. The second is the determination of distributions of Se", Se"', and Se6+ in a natural sediment containing decomposing plant roots. 
III. QUANTlFlCATlON OF MIXED Fe VALENCE STATES USING THE ENERGY OF THE PRE-EDGE PEAK IN K XANES
-K-edge XANES spectra of 3d elements show pre:edge features caused by ls--t3d electronic transitions.8 Pre-edge peak energies are promising for determining element valence state. ' The structure of the pre-edge peak is relatively simple compared with the main absorption edge and self-absorption effects are minimized. Final states in 3d orbital are less sensitive to the local environment. In this study we focused on iron, a ubiquitous element in nature which can occur as Fe', Fe", and/or Fe3+ . Initial work has been done on samples where a mixture of Fe'+ and Fe3+ was expected.t"i'
The Fe K XANES spectrum from magnetite (FeaO,) shows the pre-edge peak and associated absorption edge (Fig. 2) . All Fe K XANES spectra are plotted relative to the pre-edge peak of a pure magnetite sample (zero relative energy). The energy of the pre-edge peak was defined to be the centroid of a Gaussian fit after background subtraction. Relative energies of pre-edge peaks can be determined with a precision of 50.1 eV.
Four samples served as standards with known proportions of Fe3+/ZFe (%Fe stands for [ Fe'+ +Fe3+] ). These were a pure hematite, FezO, (Fe"+/ZFe=l.O), two pure magnetites, FesO, (Fe3+/XFe=0.67) and a synthetic fayalite, FeaSiO, (Fes+/XFe=O.O). These ratios are nominal values based on stoichiometry and analysis done by Mossbauer spectroscopy and/or electron microprobe analysis. A linear relationship {correlation coefficient 0.99) between the preedge peak energy from XANES spectra and the nominal Fe3+LSFe was observed and used as a calibration curve for unknown 'samples of terrestrial altered magnetites, silicate and oxide minerals from Martian meteorites recovered in Antarctica, and synthetic wiistite FeC,-,JO. This method provides a basis for measuring the oxidation states of elements in situ in silicate and oxide minerals that are of great geochemical importance.
IV. OXIDATION STATE MAPPING USING MICRO-XANES
The basic approach in oxidation state mapping is to make multiple, two-dimensional x-ray fluorescence (elemental) maps of the specimen using monochromatic radiation where the monochromatic energy for each map is chosen to preferentially excite particular oxidation state components of the element of interest. The distributions of individual oxidation states are then determined by deconvolution of these maps, This procedure has the following steps.
(1) Measure XANES spectra for pure standards of each of the n components.
(2) Define y1 monochromator energies EL at which these components are most distinguishable, e.g., white line energies.
(3) Define an above-edge energy for normalization En.
(4) Normalize each standard XANECS spectrum by its intensity at the above-edge energy E,.
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Define the II X n matrix S to contain the normalized intensities for the standards at each of the monochromator energies E i .
Measure n complete two-dimensional (columnsXrows) fluorescence intensity maps Mi , each map obtained using one of the incident monochromator energies Ei .
Measure one, two-dimensional fluorescence intensity map MO using the monochromatic energy Eo.
Normalize the intensities in each map Mi by those in the map hlo on a pixel-by-pixel basis. Define a three-dimensional array CD of dimensions nXcolumnsXrows containing these normalized Auorescence intensities. ('10) At each pixel (i.e., discrete value of column and row):
Define a one-dimensional matrix F containing the normalized intensities in the n maps The distribution of a particular valence state (e.g., component i, where 1 =%iG'n) is then given by the two-dimensional array V(i,*,*).
This method was used to map selenium oxidation states in water-saturated sediment containing decomposing roots of S&pus, a common wetland plant." Selenium was introduced homogeneously as selenate (Se"+). Se K XANES spectra were measured for pure standards of selenium metal (Se'), selenite (Se4+), and selenate (Se6+). Monochromatic energies were selected for elemental mapping to maximize the fluorescence yield from the different species. The resulting oxidation state maps (Fig. 3) clearly showed that soluble See+ was reduced to the less mobile Se4+ and insoluble Se0 in the regions of high microbial activity, i.e., immediately adjacent to the decaying roots (Fig. 4) .
In another application, Mn oxidation state maps of wheat roots growing in agar amended with Mn"+ and infected with the take-all fungus provided direct evidence for the accumulation of insoluble Mn4+.13 These results supported the hypothesis that the oxidation of Mn'+ to Mn"+ is intimately involved in the fungal infection process.
V. FUTURE INSTRUMENTAL DEVELOPMENTS
The capabilities of the oxidation state microanalytical technique described here using the synchrotron x-ray fluorescence microprobe will be enhanced with the commissioning of the Advanced Photon Source (APS) at Argonne National Laboratory (scheduled for completion in 1995). The APS undulator source, in combination with an appropriate microfocusing device such as a Kirkpatrick-Baez mirror system, will deliver an x-ray beam with a flux/pm' which is a factor of lo6 greater than that currently used at NSLS. In this way, order-of-magnitude improvements in spatial resolution and sensitivity will be achieved.
